Long-term lentiviral transduction of human mesenchymal stem cells (hMSCs) greatly enhances the usefulness of these cells. However, such transduction currently requires the use of polybrene, which severely inhibits hMSC proliferation. In contrast, protamine sulfate at 100 g/ml doubled transduction efficiencies without affecting proliferation or differentiation potential. Expression levels improved 2.2-fold with the addition of a woodchuck hepatitis post-transcriptional regulatory element. Further improvements in transduction efficiencies could be obtained by a modest increase in viral concentrations through increased viral titers or decreased transduction volumes without changing multiplicity of infection, by transducing over multiple days, or by culturing the cells in fibroblast growth factor-2. Centrifugation improved expression but had no effect on efficiency. Transgene expression was stable over 6 weeks in vitro and in vivo. Donor-to-donor and intradonor variability were observed in primary passage through passage 2 cultures, but not at passage 3. These results provide a better optimized approach for expanded use of hMSCs through genetic manipulation. STEM CELLS TRANSLATIONAL MEDICINE 2012;1:886 -897 
INTRODUCTION
Mesenchymal stem cells (MSCs) are multipotent adult stem cells that can differentiate into adipocytes, chondrocytes, and osteoblasts [1, 2] . This ability to serve as cell progenitors for different mesenchymal lineages has been used in regenerative medicine to structurally repair injured tissues and restore their lost functions, such as in bone [3] and cartilage repair [4] . In addition, these cells have been found to exert trophic and other local effects that allow them to modulate the immune system, protect surrounding cells from apoptosis, and establish a regenerative microenvironment. The translational potential of these capabilities ranges from treating autoimmune diseases, such as multiple sclerosis [5] and rheumatoid arthritis [6] , and other immune disorders such as graft versus host disease [7] to treating ischemic events such as stroke [8] , inflammatory disorders such as asthma [9] , and other instances of tissue damage such as acute lung injury [10] .
The usefulness of MSCs can be greatly expanded through genetic modification of the cells that provide new functions or improve on existing ones. For example, when MSCs were genetically modified to overexpress stromal cell-derived factor-1 [11] or Akt [12] and delivered to mice after a myocardial infarction, the cardiac function significantly improved. MSCs have been genetically modified and used as targeted anticancer drug carriers. For example, when they were modified to secrete interferon-␤, survival of mice implanted with either glioma [13] or melanoma [14] significantly increased. MSC homing itself could be improved, as Kumar and Ponnazhagan demonstrated by increasing the expression of ␣4 integrin [15] . They could also be used to treat genetic diseases for which there currently is no cure [16] . For example, in osteogenesis imperfecta (OI), a disease in which osteoblasts cannot produce either functional or adequate levels of type I collagen [17] , MSCs from the patient could be isolated, genetically corrected to produce sufficient amounts of functional collagen, and then re-engrafted into the patient [18] . Finally, genetic modification of MSCs can be a useful tool to track and study normal MSC functions. For example, MSCs have been labeled with lacZ [19] or green fluorescent protein (GFP) [20] in order to study their trafficking behavior.
There are a number of short-term transfection methods available for MSCs. These include viral methods, such as treatment with adenovirus [14, 15, 21] , as well as nonviral methods [22] such as liposomes [23] or electroporation [24] . In contrast, methods for long-term/ stable genetic modification of MSCs are significantly more limited. One method is to use transgenic mice [25] . However, there are serious limitations with this method, including its restriction to mouse MSCs, which can have different properties from other species, such as human MSCs [26] , and the necessity of generating new transgenic mice for every protein under study. An alternative method is to use lentiviruses to deliver the engineered DNA construct. The current standard protocol for efficient lentiviral transduction of MSCs involves the addition of polybrene during transduction. Unfortunately, as we recently published, polybrene severely inhibits MSC proliferation, even with the addition of fibroblast growth factor-2 (FGF-2), a potent mitogen [27] , and without polybrene, transduction efficiency is low [20, 27] . In addition to the increased cost of transducing MSCs, the inhibition of MSC proliferation is problematic for any therapy that requires sufficient cells to repopulate a host, such as the treatment of OI described above. Furthermore, we have some initial indications that polybrene might also affect human MSC (hMSC) differentiation potential in addition to proliferation. For instance, in the study of chondrogenesis in aggregate (pellet) cultures, we observed that pellets made with polybrene-treated hMSCs were smaller and exhibited less cartilage extracellular matrix than untreated controls (unpublished observations). Thus, there is a necessity for an alternative hMSC transduction method that preserves the cells' proliferation and differentiation potential.
ENABLING TECHNOLOGIES FOR CELL-BASED CLINICAL TRANSLATION
In order to overcome these technical limitations, we comprehensively and systematically addressed various factors that affect viral transduction, including the virus, the cells, and the protocol used, in order to evaluate their impact on both efficiency and transgene expression and their effects on proliferation and differentiation. We found for the first time that the use of high concentrations of protamine sulfate is a viable alternative to polybrene that preserves hMSC proliferation and differentiation capabilities while significantly improving lentiviral transduction. In conjunction with protamine sulfate, efficiency was further improved by modest increases in viral concentrations without the need for ultracentrifugation, via increased viral titers or decreased transduction volumes, or by transducing over multiple days. Expression levels could be enhanced with centrifugation or with the addition of the woodchuck hepatitis post-transcriptional regulatory element (WPRE) at the end of the transgene. Furthermore, we investigated for the first time the possibility of transducing hMSCs grown in the presence of FGF-2.
MATERIALS AND METHODS

Human MSC Isolation and Culture
Human MSCs were isolated as described previously [28, 29] . An aspirate from the bone marrow was obtained from the posterior superior iliac crest of consenting adult donors (institutional review board-approved protocol from University Hospitals, Cleveland, OH). The aspirate was washed with Dulbecco's modified Eagle's medium, low glucose (DMEM-LG) (Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) supplemented with 10% fetal bovine serum (FBS), screened to support hMSC proliferation and differentiation (hMSC medium) [30] . The cells were centrifuged, resuspended in 5 ml of medium, and placed on top of 35 ml of 65% (vol/vol) Percoll gradient. After 15 minutes of centrifugation at 460g, the top 25% of the gradient was transferred to a new tube and washed again. The cells were then seeded at 1.8 ϫ 10 5 per cm 2 and cultured for 2 weeks before passage. The hMSCs were cultured in 10% FBS DMEM-LG with medium changes every 3-4 days. For maintenance cultures, cells were passaged weekly with 0.25% trypsin/4 mM EDTA (Gibco, Grand Island, NY, http://www.invitrogen.com) and seeded at 3-4.5 ϫ 10 3 per cm 2 in 100-mm tissue culture dishes or T175 flasks.
Viral Production
The bicistronic reporter gene constructs pLV-MND-LR (LR) and pLV-MND-LR-WPRE (LR-WPRE) were created by modifying the fl-mrfp-ttk triple fusion reporter vector [31] (gift from Dr. Zhenghong Lee, Case Western Reserve University) containing firefly luciferase (fl), monomeric red fluorescent protein (mrfp), and herpes simplex thymidine kinase (ttk) driven by a modified myeloproliferative sarcoma virus promoter (MND). First, the herpes simplex thymidine kinase (ttk) domain was removed from the triple fusion construct with BamHI to create the pLV-MND-LR plasmid. For the pLV-MND-LR-WPRE construct, WPRE was obtained from the pLV-MND-P140K-2A-GFP plasmid (gift from Dr. Stanton Gerson, Case Western Reserve University) with BamHI and then inserted into the bicistronic vector after the transgenes. Both plasmids were sent for sequencing to ensure the correct insertion and that the nucleotides were in-frame.
To produce the second-generation replication-incompetent lentivirus, near confluent 293T cells were transfected with the reporter plasmid, pCMV⌬R8.91 (packaging plasmid), and pMD.G (vesicular stomatitis virus protein G envelope plasmid) at a ratio of 3:3:1 using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, http://www.invitrogen.com) in Opti-MEM culture medium (Gibco). Opti-MEM was replaced with fresh hMSC medium after 12 hours, and viral supernatant was collected after 36 hours and again after another 24 hours at half the volume. The supernatant was sterile filtered, aliquoted, and frozen at Ϫ80°C until use. Viral titers were determined with 293T cells by measuring the monomeric red fluorescent protein (mRFP) and ranged from 2.8 ϫ 10 6 to 7.1 ϫ 10 6 infectious units (IU)/ml for pLV-MND-LR and from 4.9 ϫ 10 6 to 15.5 ϫ 10 6 IU/ml for pLV-MND-LR-WPRE. Viruses were thawed immediately before titer and cell transduction.
Transduction
Transductions were done in six-well plates. Unless otherwise specified, hMSCs were seeded at 1 ϫ 10 5 cells per well in triplicate at a final volume of 1 ml per well with a multiplicity of infection (MOI) of 5. Protamine sulfate (catalog no. P4020-1G; Sigma-Aldrich) from a 5 mg/ml stock solution (in DMEM-LG, sterile filtered) was added to obtain the desired final concentration. Cells were transduced for 24 hours before being replaced with 1.5 ml per well. Cells cultured from the initial marrow aspirate and then trypsinized and transduced were termed P0 (passage 0). Experiments were repeated with at least two donors.
In the FGF-2 experiments, either hMSCs were cultured in the presence of recombinant human (rh) FGF-2 (final concentration, 10 ng/ml; Peprotech, Rocky Hill, NJ, http://www.peprotech. com) from primary passage or rhFGF-2 was added at the time of transduction and subsequent medium changes. For the centrifugation and the different transduction volume experiments, hMSCs were first seeded at 1.5 ml per well for 24 hours prior to transduction. In the low-volume experiment, the cells were initially transduced at 0.5 ml per well for 8 hours. Subsequently another 0.5 ml (hMSC medium plus protamine sulfate) per well was added for 16 hours before medium change. Volumes for other size dishes are listed in supplemental online Table 1. In the centrifugation experiments, hMSCs were centrifuged for 1 hour in an Allegra 6KR centrifuge (Beckman Coulter, Fullerton, CA, http://www.beckmancoulter.com) with a GH-3.8 rotor and Micro Plus Carriers at 2,000 rpm (730g) and 1.5 ml per well. The centrifuge was run to bring the temperature up to ϳ32°C before the experiment.
Three days after the last round of transduction, the efficiency was measured by detecting the mRFP on a BD LSR II (BD Biosciences, San Diego, CA, http://www.bdbiosciences.com) (excitation: 561, emission: 610/20 band pass filter with a 600LP in front) as shown in supplemental online Figure 1 . The positive cells were gated using a 525 nm versus 610 nm scatter plot in order to account for the autofluorescence from hMSCs. Expression levels were calculated from the geometric mean of the gated population. Figures show the results of triplicate wells from one representative experiment.
Proliferation Analysis
Trypsinized cells were washed, and then resuspended at 2 ϫ 10 4 cells per milliliter. For the protamine sulfate experiment, the cell suspension was additionally supplemented with protamine sulfate to obtain final concentrations of 0, 50, 100, and 200 g/ml. The cells were seeded into 96-well plates at 1 ϫ 10 3 cells per 50 l per well in triplicate and cultured at 37°C, 5% CO 2 . After 24 hours and 7 days, the medium was removed and the plate was placed in the Ϫ80°C freezer until the day of analysis. The Cy-QUANT assay (Molecular Probes, Eugene, OR, http://probes. invitrogen.com) was then performed on the wells according to manufacturer instructions.
Differentiation Assays
Human MSCs were transduced at P0 and cultured for an additional 4 days after the start of transduction. The cells were then sorted on the iCyt Reflection flow cytometer (excitation: 561 nm, emission: 615/30 band pass filter) with a 100-m tip. The 30% brightest and dimmest cells were collected and cultured for an additional week before the start of the differentiation assays. The assays were performed as described previously [29] .
To assess the chondrogenic potential of the hMSCs, 2.5 ϫ 10 5 cells were resuspended in chondrogenic medium (1% ITSϩ, 10 Ϫ7 M dexamethasone, 1 mM sodium pyruvate, 37.5 g/ml ascorbic acid-2 phosphate, and 10 ng/ml transforming growth factor-␤1; Peprotech) and seeded into V-bottomed polypropylene 96-well plates. The plates were centrifuged at 500g for 5 minutes and cultured at 37°C for 21 days with medium changes every 2-3 days. The pellets were then fixed in 10% formalin, embedded, sectioned, and stained with toluidine blue.
The adipogenic assay was performed by seeding 2.0 ϫ 10 5 cells per well into six-well plates in adipogenic medium (DMEM-HG with 1 M indomethacin, 500 M 3-isobutyl-1-methylxanthine, 10 Ϫ6 M dexamethasone, and 10 g/ml insulin). Medium was changed twice a week. After 21 days, the cells were fixed with 4% formaldehyde. The cells were permeabilized with 0.01% digitonin for 20 minutes and blocked with 1% bovine serum albumin. The cells were then stained with mouse monoclonal anti-adipophilin antibody (catalog no. 610102; 1:10; Progen Biotechnik, Heidelberg, Germany, http://www.progen.de) followed by a fluorescein-conjugated goat anti-mouse secondary antibody (1:1,000; Cappel/MP Biomedicals, Solon, OH, http:// www.mpbio.com).
To test whether the transduced hMSCs could be detected in vivo and whether they can differentiate into osteoblasts, the cells were loaded into porous calcium phosphate ceramic cubes coated with fibronectin and implanted subcutaneously on the dorsal surface of CB17 SCID mice. (Animal experiments were approved by the Institutional Animal Care and Use Committee of Case Western Reserve University, Cleveland, OH.) After 6 weeks, the mice were x-rayed, the bioluminescence was measured, and the cubes were harvested. Bioluminescent imaging was done with the Xenogen IVIS Imaging 200 Series system (Caliper Life Sciences, Hopkinton, MA, http://www.caliperls.com). The mice were injected with 200 l of 12.5 mg/ml luciferin substrate (Biosynth, Itasca, IL, http://www.biosynth.com) intraperitoneally, and a 10-second exposure was taken 5 minutes later. The harvested ceramics were fixed, decalcified, paraffin-embedded, sectioned, and stained with Mallory-Heidenhain. Sections were semiquantitatively analyzed as described previously with a ceramic cube score based on the percentage of positive pores [32] .
Statistical Analysis
Unless otherwise stated, significance was assessed by analysis of variance (ANOVA) followed by a Tukey's multiple comparison test. For Figure 2F , a one-sample t test was used to test the null hypothesis that the mean was 1.0. For Figure 3A , a two-way ANOVA showed significant difference between cells frozen and thawed and cells in continuous culture. A Bonferroni post test showed significant difference between the conditions in P1 and P3 (p Ͻ .001). For Figure 3B , a repeated measures linear mixed model using Tukey-Kramer adjustment for multiple comparisons was used. When multiple comparisons were used, adjusted p values are reported.
RESULTS
Protamine Sulfate
To investigate whether protamine sulfate is a viable alternative for polybrene, hMSCs were transduced at various concentrations of protamine sulfate with a modified dual reporter gene (LR) that codes for a fusion protein containing both luciferase (Luc) and mRFP functional domains [31] . The transduction efficiency was determined by analyzing the fluorescence with flow cytometry (Fig. 1A ). An example of the flow cytometry analysis is shown in supplemental online Figure 1 . Protamine sulfate concentrations below 8 g/ml showed no effect on transduction efficiency. However, increasing the protamine sulfate concentration to 50 g/ml resulted in a 2.4-fold increase in efficiency from 15.7% (at 0 g/ml) to 37.6%. Further increase in protamine sulfate concentration resulted in a slight but not statistically significant increase in efficiency, although cell detachment became pronounced at concentrations above 100 g/ml. Hence subsequent experiments were done at 100 g/ml unless otherwise specified. Unlike polybrene, there was no statistical difference in cell proliferation between untreated cells and cells treated with protamine sulfate at any concentration tested for an extended period of time (7 days) (Fig. 1B) . Similarly, trypan blue staining during cell passage showed an identical percentage of dead cells 888 Efficient Lentiviral Transduction of hMSCs
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(between 0% and 1%) as controls. This was confirmed with a 4Ј,6-diamidino-2-phenylindole live/dead assay (supplemental online Fig. 2 ).
Woodchuck Hepatitis Post-Transcriptional Regulatory Element
In addition to increasing transduction efficiency, labeling of hMSCs can be enhanced by increasing transgene expression. In an attempt to increase expression of the transgene, a WPRE was added at the end of the transgene in the vector construct. The addition of WPRE did not increase transduction efficiency (Fig.  1C) , but it significantly increased the expression level of the transgene by 2.2-fold (Fig. 1D) . This was confirmed by Western blot analysis, which showed a 2.4-fold increase in expression (supplemental online Fig. 3) . Consequently, the remaining experiments were done with the LR-WPRE vector.
Viral Concentration
To investigate whether there is a concentration dependence with viral transduction, hMSCs were transduced with increasing www.StemCellsTM.com MOI while maintaining a consistent protamine sulfate concentration (100 g/ml). This resulted in a sharp initial rise in transduction efficiency (up to 20 MOI) followed by smaller increments in increased efficiency with further increasing amounts of lentivirus (Fig. 1E) . The high viral titers also had no significant effect on cell proliferation (supplemental online Fig. 4) . Therefore, the remaining experiments were performed with an MOI of 5, which showed a transduction efficiency of approximately 50%, allowing additional opportunities to investigate further improvements in efficiency.
In addition to changing the ratio of virus to cell (i.e., MOI) in solution, viral concentration can also be affected by changing the transduction volume. To investigate whether viral concentration or the absolute amount of viral particles is more important in determining transduction efficiencies, the same amount of virus (MOI ϭ 5) was added to different volumes of transduction medium (Fig. 1F) . Halving the transduction volume to 0.5 ml per well increased transduction efficiency from 50% to 68% (Fig. 1F) , similar to the transduction efficiency of 61% when the MOI is doubled to 10 (Fig. 1E) . In contrast, changing the seeding density and adjusting the viral particles to maintain a consistent MOI had no effect on efficiency (supplemental online Fig. 5 ).
Transducing over Multiple Days
To investigate the role that the cells play in the transduction process, we transduced hMSCs over the course of 2 days (MOI ϭ 2.5 ϫ 2 days) or 3 days (MOI ϭ 1.67 ϫ 3 days) while keeping the volume and overall total amount of virus particles constant (MOI ϭ 5). A 2-day consecutive transduction increased transduction efficiency by 40%. Three days of transduction resulted in an additional smaller, although statistically significant, increase of 7% from the 2-day transduction (Fig. 2A) . The increased transduction efficiency also correlated with higher expression levels (Fig. 2B) , since a 2-day transduction increased expression by 22%, and a 3-day transduction by another 44%. There was no difference in cell proliferation as compared with untreated cells (supplemental online Fig. 6A ), and there was no difference in cell proliferation of transduced cells cultured in 60-and 100-mm dishes, and T175 and T500 flasks at up to seven passages (supplemental online Fig. 6B, 6C ).
Centrifugation
Another method commonly used to increase transduction efficiency is centrifugation after the addition of virus to the medium [33] . Unlike the case with static cultures, centrifugation caused the cells to detach at much lower concentrations of protamine sulfate even without the addition of virus. Major cell detachment was observed at concentrations greater than 30 g/ml. Importantly, centrifugation alone (without the addition of protamine sulfate) did not improve transduction efficiency. However, 10 -30 g/ml protamine sulfate combined with centrifugation was sufficient to increase efficiency to the same degree as 100 g/ml under static conditions (Fig. 2C) . Whereas centrifugation did not have an effect on transduction efficiency above what can be achieved under static conditions, it did improve the expression level by approximately 36% (Fig. 2D) . Centrifuging at lower than 1,500 rpm (411g) had no effect (data not shown).
FGF-2
Although a key characteristic of the lentivirus is its ability to transduce nondividing cells, it transduces dividing cells more efficiently [34, 35] . This led us to hypothesize that treatment of hMSCs with FGF-2, a known mitogen [36] , could have a positive impact on transduction efficiency. To determine whether the timing of the addition of FGF-2 had an effect, hMSCs were either cultured in FGF-2 at least 1 week prior to transduction or FGF-2 was added at the time of transduction. In both cases, FGF-2 significantly increased transduction efficiency (Fig. 2E) . On average, the efficiency increased from 61% to 70% when FGF-2 was added at the time of transduction, and it further increased to 79% with cells cultured in FGF-2 prior to transduction. Cells treated with FGF-2 before transduction also showed a significant increase in transgene expression, ranging from a 9% to a 155% increase (mean, 49%) (Fig. 2F) .
Consistency of Transduction Efficiency
Storage of hMSCs in liquid N 2 is commonly practiced to preserve the cells for later use. Freeze-thaw of the cells was shown to not negatively impact the transduction efficiency of the cells at any passage (Fig. 3A) . We did notice a slight but significant increase in transduction efficiency with cells that were previously frozen in P1 and P3. We have also observed that thawed cells can exhibit increased proliferation (unpublished data), which could explain this increase in transduction efficiency.
Viral transduction of hMSCs was also slightly better at P1 and P2 compared with P0 and P3 (55% and 52% vs. 48% and 38%, respectively), although it was not significant due to the high variability at P1 and P2, for which the transduction efficiencies ranged from 39% to 89% (Fig. 3B ). For cells transduced at P0, one donor had an efficiency of 80%, but the remaining four donors clustered tightly around 40%. There can also be high intradonor variability as one donor had a transduction efficiency of 39% and 75% at P1 and P2, respectively, whereas another had an efficiency of 89% and 42% at the same passages. Such donor-todonor variations are normal observations with hMSCs [37] . Donor age (27-61 years old) and gender had no significant effect.
Differentiation Potential
In order to test whether transduction and the insertion of the transgene affects the differentiation potential of hMSCs, the brightest and dimmest 30% of the cells based on their fluorescent intensity were sorted, and chondrogenic, adipogenic, and osteogenic assays were performed. In the chondrogenic pellet assay, both low and high expressing cells showed cartilage formation similar to that of untransduced cells. Furthermore, cells expanded in the presence of FGF-2 formed larger pellets and had more matrix (Fig. 4) .
In the adipogenic assay, lipid formation was observed in all conditions. To confirm that the lipid formation was not isolated to untransduced cells, the MSCs were stained for adipophilin. Colocalization of red fluorescence with adipophilin staining indicated lipid formation in lentiviral transduced hMSCs (Fig. 5) .
To test osteogenic potential, transduced MSCs were loaded into porous calcium phosphate ceramic scaffolds that were implanted subcutaneously on the dorsal surface of immunocompromised mice. After 6 weeks in vivo, bioluminescent imaging showed strong transgene expression (Fig. 6A) . Concurrently, the same cells cultured in vitro confirmed that fluorescent expression remained consistent for at least seven passages (about 7 weeks) (Fig. 6B) . Histologic analysis of the implanted ceramic cubes showed that bone formation was similar in high and low sort and control cells. There was no statistical difference in the ceramic cube scores between the transduced and the control cells in both FGF-2 and non-FGF-2-treated cells. Interestingly, cubes loaded with FGF-2-treated cells had more bone formation (Fig. 7) . 
DISCUSSION
Currently, the addition of polybrene during transduction is required to obtain efficient lentiviral transduction with hMSCs. Unfortunately, we have found that polybrene dramatically impacts hMSC proliferation and possibly their differentiation capabilities as well [27] . In our attempts to devise an alternative method to preserve hMSC proliferation and differentiation, improve hMSC transduction, and enhance transgene expression, we first established a baseline for comparison with 100 g/ml protamine sulfate (as a polybrene alternative), the inclusion of WPRE at the end of the transgene, and an MOI of 5. Next we investigated variables affecting the virus, the cells, and the protocol. Those variables included viral concentration, number of rounds of transduction, centrifugation, the effect of FGF-2, freeze/thaw cycle, passage number, donor variability, and seeding density. All . (A, B) : The change in transduction efficiency (p Ͻ .05 between all groups) (A) and relative change in transgene expression (p Ͻ .01 between all groups) (B) of transducing over 2 to 3 days compared with a 1-day transduction. The total amount of virus was kept the same. For 1 day, MOI ϭ 5; 2 days, MOI ϭ 2.5; and 3 days, MOI ϭ 1.67. Transduction volume (1 ml per well of a six-well plate) and protamine sulfate concentration (100 g/ml) were held constant. Expression levels were compared with 1-day transduction. Values are mean Ϯ SD. (C, D): The change in transduction efficiency (C) and relative change in transgene expression (D) of cells centrifuged with different concentrations of protamine sulfate compared with hMSCs transduced in static culture at 100 g/ml protamine sulfate. At 10 -30 g/ml protamine sulfate, there was no statistical difference in transduction efficiency between static culture and centrifugation, whereas there was a statistical difference in transgene expression. ‫,ء‬ p Ͻ .01 vs. static 100 g/ml and centrifuge 0 g/ml, Tukey's t test. Expression levels were compared with static culture. MOI ϭ 5. Values are mean Ϯ SD. (E, F): The change in transduction efficiency (p Ͻ .05, between all conditions, n ϭ 8) (E) and transgene expression ‫,ء(‬ p Ͻ .05, n ϭ 8) (F) of hMSCs treated with FGF-2 prior to transduction (before) or at the time of transduction (added) compared with hMSCs cultured without FGF-2 (control). Expression levels were compared with control. All experiments involving FGF-2 were done with 100 g/ml protamine sulfate and MOI ϭ 5. Each data point is a mean of three replicates of one experiment. Abbreviation: FGF-2, fibroblast growth factor-2. Protamine sulfate is a Food and Drug Administration-approved, relatively inexpensive polycation most commonly used to neutralize heparin overdose. It is believed to improve transduction by neutralizing the negative charge between the cell surface and the viral particles [38] . It was first suggested as an alternative to polybrene by Cornetta and Anderson in 1989 [39] . In that report, 5-10 g/ml protamine sulfate resulted in the highest transduction efficiencies with the retrovirus, with either increasing toxicity or decreased transduction efficiency at higher concentrations. However, in addition to using a different viral vector, the cells used were rapidly dividing NIH 3T3 cells and another cell line, which typically experience greater transduction efficiencies than primary cells [39] . When these authors investigated transduction of primary cultures at 10 g/ml, they were unable to obtain efficiencies above 1% without coculture with the retroviral producer cells that provided continuous high viral titers. Investigators have since used protamine sulfate for labeling of MSCs with superparamagnetic iron oxide for cell tracking by magnetic resonance imaging [40] and attempted to use for transduction with lentivirus [41, 42] . As it has always been used at concentrations below 8 g/ml, which we found to have no effect on hMSC lentiviral transduction, their efforts have had limited success. As a consequence, protamine sulfate is rarely used for hMSC transduction. In contrast, when the concentration was raised to 50 g/ml, transduction efficiencies increased 2.4-fold, although concentrations above 100 g/ml affect the ability of hMSCs to bind to the surface of the plate during seeding or cause the cells to detach from the dish. The improvement was great enough that in some experiments at an MOI of 5, protamine sulfate alone was sufficient to increase transduction efficiency to as high as 88%. Thus ultracentrifugation is not required to concentrate the viral supernatant in our studies. Furthermore, unlike polybrene, protamine sulfate did not affect the cells' ability to divide, thus allowing lower amounts of virus to be used for clinical or experimental purposes, potentially decreasing the initial number of MSCs required for therapy, and thereby enhancing the utility for therapeutic applications in which MSCs serve as regenerative cells. Although not as drastic, we also found that polybrene affected the proliferation of human umbilical vein endothelial cells, whereas protamine sulfate does not (data not shown). Thus, these results are potentially applicable to other cell types.
In addition to improving transduction efficiencies, we sought to improve expression levels with the addition of WPRE at the end of the gene construct, which had been shown to improve transgene expression of the viral vector [43, 44] . Although constructs with WPRE have been used previously with hMSCs [45] [46] [47] , the degree of enhancement on lentiviral transduction of hMSCs was unknown because such vectors have not previously been directly compared with constructs not containing this element.
The addition of the WPRE resulted in two benefits to our system. First, whereas the transduction efficiency did not increase with WPRE, the expression level of the transgene increased 2.2-fold. This confirmed previous results with 293T cells, for which the addition of the WPRE did not increase the percentage of transduced cells, affect the copy number of the transgenes, or affect the frequency of transcription, but instead increased the expression of the vector, possibly through stabilization of the transcript in the nucleus www.StemCellsTM.com [43] . Second, we observed that the addition of WPRE benefited viral production as viral titers approximately doubled.
It is clear that viral concentration is key to obtaining high transduction efficiency. Increasing viral concentration can occur from either increasing the amount of virus in the transduction solution (increasing MOI) or by decreasing the transduction solution volume while keeping the MOI constant. Both resulted in higher transduction efficiencies. Unfortunately, since hMSCs are not grown in suspension, the volume is limited to the lowest volume possible that does not desiccate the substrate-attached cells.
An alternative method to increase transduction efficiency is the centrifugation of the cells in transduction medium, which is also termed spinoculation. Despite the small size of the virus and the relatively low g force, centrifugation is believed to function by effectively increasing the concentration of viral particles near the cells [33] . However, unlike the case with T cells, centrifugation alone had no effect on improving hMSC transduction and protamine sulfate continues to be required. Interestingly, centrifugation causes extensive cell detachment at protamine sulfate concentrations above 30 g/ml, even without the addition of virus; this is not observed in static cultures. One possible explanation is that centrifugation can also concentrate the protamine sulfate, despite its small size (ϳ5.1 kDa). Alternatively, it is possible that the stress from centrifugation causes the cells to be more susceptible to deleterious effects of protamine sulfate.
Ultimately spinoculation of hMSCs presents a number of different challenges. A larger volume is needed to provide sufficient medium coverage, which decreases the viral concentration and counteracts any increase in concentration from the spinoculation itself. In the end, this resulted in the observation that transduction efficiencies were not different from those of static cultures, although a lower concentration of protamine sulfate was needed and transgene expression increased by 36%. There are also issues with scalability. It is difficult to expand beyond the six-well plates used in these experiments. Our attempts at spinning T75 flasks have led to regions of cell death on the flask due to desiccation.
Although important, viral concentration is not the only viral factor that affects transduction efficiency. When the total amount of virus was held constant but spread out over multiple days, efficiencies improved despite the lower viral concentration at each day. This suggests that at any given time, there are a limited number of cells that are susceptible to transduction.
In addition to manipulating the virus, it is possible to affect the cell as well. One common treatment used to modify hMSCs is the addition of FGF-2 in culture. Human MSCs are slowly proliferating cells that can lose their differentiation potential with increasing passage [36] , thus limiting the number of cells available from each donor. The addition of FGF-2 to cultures has the advantage of increasing the proliferation rate while delaying the loss of chondrogenic potential (senescence) and maintaining immune suppressive capabilities with increasing passage [36, 48] . In addition, FGF-2-treated hMSCs form larger pellets with more extracellular matrix in the chondrogenic pellet assay [4, 36] . Our results show for the first time that FGF-2-treated hMSCs also form more bone matrix in the in vivo ceramic cube assay, thus possibly extending FGF-2 treatment of hMSCs for osteogenic repair as well.
The increased proliferation of hMSCs provides another opportunity to increase transduction efficiency. Although it is true that lentiviruses can transduce nondividing cells [49] , lentiviral transduction is superior with rapidly dividing cells [34, 35] . Our results with FGF-2-treated hMSCs are consistent with this. When FGF-2 was added during the time of transduction, the improvement in efficiency and increase in transgene expression was donor-dependent. It is possible that this relates to the length of time it takes for the cells of a particular donor to respond to the mitogen. In contrast, if the cells were cultured in FGF-2 for at least a week before transduction, we saw both increased efficiency and transgene expression.
Human MSCs are known to have donor-to-donor variability [37] , and there have been reports of donor-to-donor variability with hMSC transduction [45] . Interestingly we found this variability to be dependent on passage number. hMSCs in primary culture and at passage 3 were fairly consistent, whereas high variability was found at passages 1 and 2. Furthermore, there can also be high intradonor variability. It is possible that this relates to the fact that proliferation rates vary between donors at passages 1 and 2, and that by passage 3 the proliferation rates stabilize.
CONCLUSION
Our studies indicate that hMSCs can be efficiently transduced using a protamine sulfate concentration of 100 g/ml at low volumes over 3 days. Furthermore, inclusion of WPRE at the end of the transgene leads to higher viral titers and increased transgene 
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Efficient Lentiviral Transduction of hMSCs expression. Transduction efficiency and transgene expression can be improved by transducing at passage 1 and by treatment with FGF-2 for 1 week prior to transduction. With the capacity to easily, reliably, and inexpensively transduce hMSCs, it will be possible to efficiently use genetic engineering to add or delete a function, improve or replace an existing one, and gain insight into the biology of these cells through the use of reporter genes. This will significantly impact not only scientific progress with these cells but also their clinical and therapeutic translational potential.
